1. Introduction {#sec0005}
===============

At the catchment scale, rivers transport nutrients and organic matter from terrestrial and aquatic sources to coastal areas ([@bib0030; @bib0295; @bib0330]), produce and degrade organic matter during transport ([@bib0080; @bib0120]), and constitute an important element in the global carbon cycle ([@bib0070; @bib0020]). Riverine landscapes, where biological and physical activities (ex: primary production and sedimentation) occur, constitute biogeochemical hot spots, in particular for nitrogen cycling ([@bib0090; @bib0095; @bib0165; @bib0200; @bib0215; @bib0265]).

At the landscape scale, two fundamental principles regulate the cycling and transfer of carbon and nutrients in river ecosystems, particularly in large river floodplains ([@bib0240]). The first principle relates to delivery patterns of carbon and nutrients into floodplain ecosystems. In floodplains of most large regulated rivers, inputs of sediment, nutrients, and organic matter occur primarily via surface flow (i.e. flooding), although groundwater transport and atmospheric deposition can also contribute high amounts of nutrients ([@bib0085; @bib0325]). River floodplains are recognized as important storage sites for sediments and associated nutrients mobilized from upstream catchments during floods ([@bib0095; @bib0115]). In addition to the magnitude, frequency and duration of floods, the transfer and storage of materials in floodplains is largely under the control of the surface water connectivity pattern within the riverine landscape ([@bib0045; @bib0355; @bib0055; @bib0245]). The second basic principle describes the geomorphological characteristics of floodplains which are defined, in this study, as the present morphology and the processes that shape it (ex. water--substrate contact, water--sediment interface). This is generally positively correlated to the efficiency of nutrient retention and use in river ecosystems, and these positive relationships can occur both in the main channel itself and in the riparian and floodplain zones ([@bib0170; @bib0185; @bib0250]). Increasing the length or the duration of contact between water and substrates increases the biological use and thereby the total amount of nutrients cycled through the system ([@bib0300]), although this cycling capacity can be affected by the load itself ([@bib0210]). Similarly, the role of water levels, especially floods and flow pulses ([@bib0325]), is important in determining the area available for water--substrate interactions. By changes in the frequency, duration, period of occurrence, and variability of water levels, the water regime or surface water connectivity can directly affect nitrogen cycling in alluvial sediments and the sediment--water interface by controlling the duration of oxic and anoxic phases and thereby altering nitrification and denitrification rates ([@bib0105; @bib0130]). These factors create a mosaic of geomorphologic features that influence the spatial pattern and successional development of riparian vegetation ([@bib0145; @bib0275; @bib0285]) which in turn largely supports consumer biomass ([@bib0370]).

River systems can be strongly affected by natural disturbances or anthropogenic perturbations, such as dams, drainage, dredging, deforestation of riparian zones, and embankments. The two previously mentioned principles can be used to understand the mechanisms of how anthropogenic changes alter the biogeochemistry of riparian and instream zones as well as their ability to mediate nutrient fluxes originating from upstream ([@bib0035]). In order to mitigate anthropogenic disturbance, river restoration and rehabilitation projects have been undertaken. Most projects have been aimed at increasing the spatial heterogeneity of these ecosystems in order to support higher habitat and biological diversity ([@bib0150]). Yet, a more integrated approach including restoration of vital ecological processes, such as nitrogen cycling and retention, is necessary to recognize the biogeochemical role of floodplains ([@bib0140; @bib0160; @bib0230]). Although nitrogen dynamics in floodplains have been well studied ([@bib0310; @bib0315]), restoration strategies specifically aimed at reducing nitrogen loads have been, until recently, limited to small streams ([@bib0060; @bib0075]). The effects of altered water regime on the nitrogen cycling of river systems have been demonstrated at local scales ([@bib0125; @bib0155; @bib0255; @bib0335]). The main challenge is now to evaluate the effects of these changes at larger landscape-level scales ([@bib0175]).

The primary objective of this study was to determine how changes in the physical gradients (i.e. physical elements in the landscape) related to the water delivery and discharge regime can affect the nitrogen and carbon cycles in floodplain ecosystems. More specifically, the aim of our study is to determine how floodplain restoration, by increasing hydraulic exchange conditions between a large river main channel and its backwaters affects sediment and water quality as well as potential denitrification and respiration. We tested to what extent three major restoration variables can control sediment characteristics, water quality, and microbial activities: (i) the type of connection to the main river channel (degraded or reconnected), (ii) the average annual duration of connection and (iii) the water age prior to sampling.

In this study, we examined the role of hydrology and local geomorphology on potential microbial processing in sediments of two river side channels. A restored and a degraded side arm system along a 10-km floodplain section of the Danube River downstream of Vienna, Austria were examined in this study. The two selected systems differed by the type of connection to the main river channel -- disconnected and restored via reconnection (Lobau and Orth, respectively). These two floodplain systems, while spatially close, vary greatly in their hydrology and geomorphology. Restoration via surface water reconnection changed the local conditions within the floodplain, by increasing substrate input and reducing water retention times in the system. These changes were hypothesized to increase the microbial processing occurring in a restored floodplain when compared to a degraded floodplain. Within these two floodplain systems we selected sites which differed by their average annual duration of connection and the water age before sampling. This gradient was selected in order to cover a representation of the different floodplain characteristics as they are influenced by hydrology (i.e. substrate availability, morphology, flow patterns). Potential microbial processing (substrate induced respiration and denitrification enzyme activity) was used to compare sites under controlled and unlimited nutrient conditions, and to furthermore assess the potential maximum rates of the *in situ* microbial community.

2. Materials and methods {#sec0010}
========================

2.1. Sites description {#sec0015}
----------------------

Two floodplain segments of the Danube River were studied: the Lower Lobau and Orth ([Fig. 1](#fig0005){ref-type="fig"}). Both floodplains are located within the boundaries of the Alluvial Zone National Park, downstream the city of Vienna, Austria. In this area, the Danube River is a 9th order river with a drainage basin of 104,000 km^2^. The flow regime has an alpine character with variable and stochastic patterns (regulated low discharge: 915 m^3^ s^−1^, mean discharge: 1930 m^3^ s^−1^, annual flood discharge: 5300 m^3^ s^−1^, 30 year flood discharge: 9340 m^3^ s^−1^). Following the major regulation scheme in 1875, the Danube River was confined between flood protection dams, thus the main channel was disconnected from the adjacent floodplains ([@bib0065]). Restoration projects began in 1997 with the goal of reconnecting several floodplains to the main channel of the Danube ([@bib0140; @bib0290]).

The Lobau floodplain covers an area of approximately 23 km^2^. As no significant restoration measures have been undertaken within the Lobau floodplain, it is not integrated within riverine flow and in this study, considered as an altered and degraded floodplain. Aside from ground-surface water exchange and a controlled small water intake, the primary water exchange with the main channel takes place through an artificial 5 m wide breach in the flood levee in the Lobau\'s south-eastern end ([Fig. 1](#fig0005){ref-type="fig"}). Positioned at river km 1908, the opening in the flood protection dam allows limited surface water connection between the main river and the Lobau at discharge above 1500 m^3^ s^−1^ (approximately 235 days year^−1^). As the floodplain is connected at a downstream opening, flood waters flow in an upstream direction into the side arms. When flood waters recede, the water discharges from the Lobau through the same opening back into the main channel of the Danube River. Due to the "bath tub" characteristic of the floodplain, flood waters move slowly into the backwater areas. The effective, active connections with sites in the floodplain to the Danube River have been significantly reduced, with highest connection occurring at the downstream portion of the floodplain. Three major retention structures with culverts prevent the side arms from becoming completely dry during low flow periods, resulting in shallow lake-like conditions. The riparian forests are dominated by hardwood forests and agricultural relics; natural floodplain vegetation covers only a minimal portion of the floodplain itself ([@bib0050]). *Phragmites* sp. is generally present at all sites along the terrestrial aquatic boundary. As a heavily used recreational area, the Lobau is managed and maintained to provide access for bicyclists as well as larger trucks throughout, which use the paved roads to transport materials.

In contrast, the reconnected and restored floodplain Orth, located downstream of the Lobau floodplain covering approximately 5.5 km^2^ ([Fig. 1](#fig0005){ref-type="fig"}), is characterized by very diverse flow conditions. Some side arms in this system have through-flow conditions just above riverine summer mean flow (2230 m^3^ s^−1^), while others are connected only at much higher flow conditions. As part of the Danube River Restoration Project ([@bib0290]), most of the historical retention structures present in the Orth floodplain have been removed, increasing the side-arm discharge significantly, as well as the duration of surface water connection to the main channel, i.e. connection duration ([@bib0345]). The three openings with the same width and depth as the floodplain channels (one at river km 1906.5 and two at river km 1905) and one outlet (river km 1902) connect parts of this side-arm system to the main river at discharges of 4400 m^3^ s^−1^ (approximately 7 days year^−1^), 1500 m^3^ s^−1^ (approximately 235 days year^−1^), and less than 900 m^3^ s^−1^ (approximately 365 days year^−1^), respectively. The Orth floodplain is dominated by a channel-like system with high, steep, eroded banks. High amounts of gravel and woody debris are transported within the restored channels, creating dynamic gravel beds and log jams in the channels. Due to the restoration efforts, this floodplain is not actively managed for recreational purposes and is perceived as a "wild" floodplain. With the removal of the riverside embankments and controlled management, the Danube River is given the space to reshape the landscape in the Orth floodplain. Sites within both floodplains are not only connected during flooding situations, but during a wide range of discharge levels, as previously noted.

2.2. Hydrology {#sec0020}
--------------

Based on the results of a hydrodynamic model in the Orth floodplain ([@bib0345]) and a simplified hydrostatic flooding model in the Lobau ([@bib0350]), a hydrological connectivity model was developed prior to field sampling. The current morphology of the floodplains was used in combination with a long-term hydrograph. A number of steady-state water surface calculations together with a long-term hydrograph (30 years) ([Fig. 2](#fig0010){ref-type="fig"}) were used in order to estimate both statistically averaged and event-based connectivity parameters: duration of connection, duration of disconnection, and frequency of connection ([@bib0345]). The average duration of disconnection described the duration (days) between connection events. From this model, the water age of the surface water (in days) was calculated for each site at the time of sampling. The water age, which has been corrected for a minimum velocity of 0.2 m s^−1^ required for particles to pass through the system without settling, described the age of the water as it passed through the sampling point ([@bib0140]). To calculate water age in the Lobau where bidirectional flow occurred, it was important to consider the flow direction: the water age was assumed to be zero throughout the rising limb of the hydrograph; once the peak of the hydrograph passed and the flow reverses to outflow conditions, no nutrients from the river could enter the system on a surface pathway; thus the water age was calculated from that point onwards.

The two first variables, i.e. type of connection and average annual duration of connection, were used for side arm restoration schemes, as they were defined and assessed for the technical descriptions of the measures. The third variable, i.e. the water age, is defined as the retention time of the surface water in the side arm system.

2.3. Field sampling {#sec0025}
-------------------

Fourteen sites were selected in the side arms of the Lobau and Orth floodplains, using the connectivity model, described in Section [2.2](#sec0020){ref-type="sec"} to encompass varying flowing and morphological characteristics. Ten sites were selected in 2006 and four additional sites were sampled in 2007 ([Fig. 1](#fig0005){ref-type="fig"}). In both years, water and in-channel sediment sampling occurred during the growing seasons under periods of stable hydrological conditions (but not stagnant), when the Danube River was not experiencing a flood event. Triplicate sediment samples of 5--10 cm depth were taken randomly using a PVC corer (internal diameter 5 cm) in deep and shallow macrophyte-free areas within the floodplain side arm channel of each sampling site. Each triplicate sample was a homogenized mixture of 3--5 sediment cores from one location which were mixed to provide a representative sample of the sampling location. To estimate the amount of macrophytes and terrestrial leaf litter, sites were ranked on a 0--5 scale following [@bib0365], with 0 when neither macrophytes nor leaf litter were present and 5 with 100% coverage within a 10 m^2^ area. Water samples were taken at the same time using 5 L containers. All samples were kept cool (\<10 °C) while in transport back to the lab. Water and activity samples were analyzed within 24 h of sampling. Sediment samples were stored frozen at −20 °C until analyzed for their nutrient content. Electrical conductivity, dissolved oxygen (%), pH, and temperature of the surface water were measured using an HQ40d sonde (Hach Lange, Düsseldorf, Germany) at the time of sampling.

2.4. Sediment and water characteristics {#sec0030}
---------------------------------------

Dry weight of the soil samples was determined by oven-drying sediments at 70 °C to constant mass. Organic N and C concentration and isotope abundances were acidified (1 M HCl) to remove inorganic C and measured with an elemental analyzer (EA 1110, CE Instruments, Milan, Italy) connected to an isotope ratio mass spectrometry IRMS (DeltaPLUS, Finnigan MAT, Bremen, Germany). Dried sediments were size fractioned using a sieve tower. Sediment D~50~ was calculated from the sediment particulate size. Organic matter content of the sediment fractions was determined as weight loss by ignition (LOI %) of dry sediment at 450 °C for 4 h. Nitrogen concentrations in the sediment were analyzed for N--NH~4~^+^, N--NO~3~^−^, and N--NO~2~^−^ using standard colorimetric methods ([@bib0010]) for a continuous flow analyzer (CFA, Systea Analytical Technology). Phosphorus fractions of inorganic P (HCl extraction), organic P (HNO~3~ combustion), and soluble reactive P (H~2~O extraction) were determined using a continuous flow analyzer (CFA, Systea Analytical Technology) ([@bib0280]). From each site, a 50 ml water sample was taken and filtered through a GF/F (Whatman) filter to analyze P--PO~4~, N--NH~4~, N--NO~3~, and N--NO~2~ using a continuous flow analyzer (CFA, Systea Analytical Technology) and standard colorimetric methods ([@bib0010]).

2.5. Potential respiration and denitrification {#sec0035}
----------------------------------------------

Potential denitrification enzyme activity (DEA) was measured according to [@bib0305]. Ten grams (fresh weight) subsets of sediment samples were weighed into 100 ml serum flasks, which were made anoxic by flushing the flask atmosphere with N~2~. The flask contents were incubated with 10% (v/v) acetylene to allow the accumulation of denitrified nitrogen as N~2~O, after adding 1 mg C g^−1^ sediment (added as glucose) and 0.2 mg N g^−1^ sediment (added as KNO~3~). Denitrification rates were calculated as the rate of N accumulated as N~2~O in the headspace after 4 h in dark at 25 °C and analyzed by gas chromatography with ^63^Ni electron capture detector (HP 5890II GC). DEA was also measured under the same conditions but without acetylene to determine the proportion of N denitrified as N~2~O during the assay $(\text{DEA}_{\text{N}_{2}\text{O}})$ and analyzed by gas chromatography to quantify N~2~O concentrations (Agilent 6890N, Santa Clara, U.S.A., connected to an automatic sample-injection system (DANIHSS 86.50, Headspace-sampler, Cologno Monzese, Italy).

Substrate induced respiration (SIR) was measured according to [@bib0025] by incubating 10 g fresh weight of sediment with 2 mg glucose-C g^−1^ sediment in a 100 ml serum flask. SIR was calculated as the accumulation of CO~2~--C in the flask during incubation after 4 h incubation at 25 °C in the dark per gram of sediment (DW) and per hour, using the gas chromatograph Agilent 6890N.

2.6. Statistics {#sec0040}
---------------

All measured processes and sediment characteristics (chemical and physical) were compared between floodplains using Mann Whitney U tests with the SPSS software package.

We considered local physical gradients, nutrient availability, and carbon availability as explanatory links between hydrology and ecosystem processes (i.e., potential respiration and potential denitrification). Each of these quantities can be regarded as a meta-variable which is described by a set of explicitly measured and correlated variables. In fact, we expressed each meta-variable as a matrix of pairwise dissimilarities between two sampling sites. This approach efficiently integrates information from the various variables needed to account for the complexity of our study system. We then used Mantel and partial Mantel (controlling for effects of hydrology) statistics to test for associations between these meta-variables. Further, we used causal modeling on dissimilarity matrices (i.e., path analysis based on Mantel statistics treated as correlation coefficients) to relate the various meta-variables in the hypothesized causal framework ([@bib0190]). All tests and path analysis were performed for both areas. Mantel statistics do not have to be large, i.e. close to 1 or −1, to be statistically significant. Significance of path coefficients was assessed by randomizing all involved matrices using 10^4^ permutations, building randomized distributions for each path coefficient, and computing probabilities for observed path coefficients with the percentile method ([@bib0195]). All calculations were done in R 2.9. ([@bib0260]), using the packages vegan ([@bib0220]) and sem ([@bib0100]).

3. Results {#sec0045}
==========

3.1. Hydrological and physical conditions {#sec0050}
-----------------------------------------

The two sampling years were hydrologically different ([Fig. 3](#fig0015){ref-type="fig"}). In 2006, three flood events in April, June and August exceeded the level of an annual flood; of these, April and August floods were characterized by a statistical return period of 1 in 10 years, respectively. In 2007, however, the annual flood level was exceeded only once (in September) reaching a statistical return period of approximately 1 in 15 years. With this one annual flood event and average discharge, 2007 was similar to the long term discharge pattern ([Fig. 2](#fig0010){ref-type="fig"}). In both the degraded (Lobau) and restored (Orth) side arms, the average connection (*p* = 0.068) was not significantly different between the two years ([Table 1](#tbl0005){ref-type="table"}); however, the duration of disconnection was significantly shorter in the restored section (*p* \< 0.05).

3.2. Comparison of the side arm systems with different connection types {#sec0055}
-----------------------------------------------------------------------

Sediment N and P pools varied between the two side arm systems ([Table 1](#tbl0005){ref-type="table"}). Significant differences were observed between the two systems in the water column and sediment for N--NH~4~, N--NO~3~, and N--NO~2~ (water only). Concentrations of N--NO~3~, N--NO~2~, and N--NH~4~ in the sediment were higher in the Orth floodplain than in the Lobau floodplain ([Table 1](#tbl0005){ref-type="table"}). The same trend was observed in the water column, except for N--NH~4~ which was significantly higher in the Lobau floodplain. Similarly, concentrations of SRP in the sediment were lower in the Orth side arms, although not significantly ([Table 1](#tbl0005){ref-type="table"}). The sediment C:N ratio was significantly higher in the Orth floodplain ([Table 1](#tbl0005){ref-type="table"}). Significantly lower water temperatures and higher dissolved oxygen concentrations were observed in the Orth side arms than in the Lobau ([Table 1](#tbl0005){ref-type="table"}). The average grain size and mean surface water pH were significantly different between the two floodplain systems. No significant difference was observed for mean electrical conductivity between the systems.

Parameters related to the quality of the sediment organic matter and microbial activities presented significant differences between the two floodplains types ([Fig. 4](#fig0020){ref-type="fig"}). The percentage of organic matter ([Fig. 4](#fig0020){ref-type="fig"}A) in the sediment was significantly higher in the degraded system, than in the restored floodplain. Organic matter content of the sediment did not only differ significantly between sites in terms of concentration, but also in terms of quality. Indeed, the δ^13^C of the organic matter content was significantly lower in the Lobau than in Orth ([Fig. 4](#fig0020){ref-type="fig"}B), while the δ^15^N signature was significantly higher ([Fig. 4](#fig0020){ref-type="fig"}C). In the degraded section, higher and more variable rates of SIR in the sediment were measured (mean 1678.5 mg CO~2~ m^−2^ h^−1^) compared to the restored system (mean 471.6 mg CO~2~ m^−2^ h^−1^) ([Fig. 4](#fig0020){ref-type="fig"}D). Similarly, average rates of sediment DEA presented higher average rates and higher variance (*F* = 34.903, *p* \< 0.01) in the degraded system (mean 48.70 mg N--N~2~O m^−2^ h^−1^) compared to those in the restored system (mean 6.23 mg N--N~2~O m^−2^ h^−1^) ([Fig. 4](#fig0020){ref-type="fig"}E). The range of the ratios of DEA: $\text{DEA}_{\text{N}_{2}\text{O}}$ was also larger in the degraded floodplain (mean 0.48) than in the restored floodplain (mean 0.26) ([Fig. 4](#fig0020){ref-type="fig"}F).

3.3. Influence of connectivity-related parameters {#sec0060}
-------------------------------------------------

A weak, but significant trend was observed for sediment organic matter concentration, SIR, DEA, and DEA: $\text{DEA}_{\text{N}_{2}\text{O}}$ decreasing as a function of average duration of connection ([Fig. 5](#fig0025){ref-type="fig"}A, D--F), while δ^13^C and δ^15^N decreased slightly to an average of −25‰ and +2‰ respectively, although not significant ([Fig. 5](#fig0025){ref-type="fig"}B and C). When considering these variables (sediment organic matter content, δ^13^C, δ^15^N, SIR, DEA, DEA: $\text{DEA}_{\text{N}_{2}\text{O}}$) in relation to the water age the patterns change ([Fig. 6](#fig0030){ref-type="fig"}). Although the same weakly decreasing trend for sediment organic matter content was observed with increasing water age, δ^13^C increased significantly, albeit weakly, with increasing water age and δ^15^N began to show a weakly significant decreasing trend ([Fig. 6](#fig0030){ref-type="fig"}A--C). No significant relationships were found for the remaining variables ([Fig. 6](#fig0030){ref-type="fig"}D--F).

3.4. Environmental control of potential microbial processing {#sec0065}
------------------------------------------------------------

The weak linear relationships between the singular connectivity parameters and sediment characteristics and potential microbial activity and the high co-correlation between individual variables led to the creation of multivariable matrices ([Table 2](#tbl0010){ref-type="table"}). Most of the links in the suggested causal framework were described by multivariate datasets. Information content of these various complex datasets with heterogeneous as well as co-linear variables was condensed to a limited number of dissimilarity matrices by computing Euclidean distances between all sampling sites based on standardized variables selected to describe the meta-variables: *Hydrology*, *Physical Gradients*, carbon sources (*Carbon*), nutrient concentrations (*Nutrients*) and potential processes (*Output*) (DEA and SIR, respectively) ([Table 2](#tbl0010){ref-type="table"}).

Mantel statistics could identify a direct effect of *Hydrology* on the *Output* (as DEA) (Mantel *r* = 0.079, *P* \< 0.001, [Fig. 4](#fig0020){ref-type="fig"}) and on SIR (Mantel *r* = 0.186, *P* \< 0.001, [Table 3](#tbl0015){ref-type="table"}) as well as on the physical characteristics of the floodplain (*r* = 0.503), the sediment N and P pools (*r* = 0.224) and the C sources (*r* = 0.141), all at *P* \< 0.001 ([Table 3](#tbl0015){ref-type="table"}). Partial Mantel tests controlling for the effect of hydrology showed a significant influence from the floodplain physical characteristic on the C sources (*r* = 0.170), SIR (*r* = 0.147) and DEA (*r* = 0.122), all at *P* \< 0.001 ([Table 3](#tbl0015){ref-type="table"}). Path analysis ([Fig. 7](#fig0035){ref-type="fig"}) based on Mantel statistics computed among meta-variables suggested a strong influence of hydrology on physical gradients, which furthermore influence DEA and the ratio of $\text{DEA}_{\text{N}_{2}\text{O}}$:DEA. Both, nutrients and carbon were shown to be controlled by a similar, but weaker pathway, yet neither nutrients nor carbon participated in the determination of DEA. Path analysis based on Mantel statistics using SIR as the output variable ([Table 3](#tbl0015){ref-type="table"}) suggested the same pathway of influence of hydrology on physical gradients which influenced SIR ([Fig. 7](#fig0035){ref-type="fig"}B). However, a weaker direct link was calculated where hydrology directly influences SIR.

4. Discussion {#sec0070}
=============

4.1. Restored versus degraded connection to the main river channel {#sec0075}
------------------------------------------------------------------

Restored surface water connection entailed fast flowing water (mean flowing velocities \> 1 m s^−1^) in the side arms during floods with larger grain size sediment deposits, whereas the degraded and decoupled surface connection to the main channel river channel entailed gradual flooding with low flow velocity, thus depositing fine sediments in the downstream areas of the floodplain ([@bib0375]). Due to these differences in flow, restored connection led to lower water temperature and higher dissolved oxygen concentration ([Table 1](#tbl0005){ref-type="table"}). The higher organic matter content measured in the degraded system (Lobau) ([Fig. 4](#fig0020){ref-type="fig"}A) most probably originated from autogenic sources, i.e. the riparian forest and macrophytes present in the area. The importance of autogenic organic carbon in the degraded side arm system was supported by the lower δ^13^C value of organic matter in the sediments at Lobau sites with short connection periods ([Fig. 4](#fig0020){ref-type="fig"}B). The higher δ^13^C values measured in restored sites together with their very high variability, independent of the average connection time ([Fig. 5](#fig0025){ref-type="fig"}B), suggested that organic matter in these restored sites was mostly controlled by riverine transported organic matter and had potentially a more recalcitrant nature ([@bib0135; @bib0015]). Sustained higher potential microbial activity in the sediment was confirmed by higher SIR and DEA ([Fig. 4](#fig0020){ref-type="fig"}D and E), similar to results presented from the restored Baraboo River floodplains ([@bib0225]). Higher observed SIR and DEA in degraded floodplain sediments implied that such systems could potentially remove more carbon and nitrogen. However, the actual rates may be substrate limited due to a lack of inputs from the Danube River -- the main source of substrates. Similar patterns between geomorphological distributions and potential denitrification have been shown between riverine and backwater sites in the Upper Mississippi, where backwater areas exhibited higher DEA than riverine sites despite receiving less nitrate inputs from the Mississippi ([@bib0270]).

A higher δ^15^N and total organic N (NO~3~ and NH~4~) in the sediments from the degraded floodplain ([Fig. 4](#fig0020){ref-type="fig"}C) supports our result pointing to higher DEA in degraded systems. In the absence of organic pollution such as manure or waste water, the dominant process contributing to higher δ^15^N could be a consequence of faster N cycling and higher denitrification activity, which fractionates between the two N isotopes and preferentially removes the lighter isotope from the sediment. Since δ^15^N was not measured from NO~3~ or NH~4~ separately, it can only be considered as a mixture of present organic N pools. Positive shifts have been shown to represent higher nitrogen cycling in lacustrine and marine systems ([@bib0180; @bib0320]). This trend is only representative when comparing the two ecosystems as neither the duration of connection nor the water age can explain the observed patterns.

The average ratio of potential N~2~O to N~2~ emission (DEA: $\text{DEA}_{\text{N}_{2}\text{O}}$) was similar in both systems; yet, in the degraded system larger variation of this ratio as well as higher rates of potential emissions (DEA) were measured. Therefore, the degraded system could support higher potential denitrification dominated by N~2~O emissions ([Fig. 4](#fig0020){ref-type="fig"}). The domination of N~2~O in the degraded site could be due to the high NH~4~ concentrations measured in the sediment. When NO~3~ is limiting, the last step of denitrification (N~2~O → N~2~) will be limited as this is the most energy dependent step ([@bib0205]). In systems where the microbial community is conditioned for low NO~3~ concentrations, incomplete denitrification may be the dominant pathway. This tendency towards incomplete denitrification has major implications for the greenhouse gas balance of the system. Higher rates of denitrification resulting in N~2~O production mean that during floods the degraded site is a source of N~2~O whereas the restored site would be able to transform the excess NO~3~ to N~2~, resulting in a net gain of ecosystem services. As the degraded floodplain is 23 km^2^, a reduction of N~2~O emissions following restoration would be of a considerable magnitude ([@bib0360]).

4.2. Geomorphologic controls {#sec0080}
----------------------------

A detailed analysis of the relationship between average annual duration of connection of the side arms to the sediment organic matter quantity and potential microbial activities revealed a decrease of these variables with an increase of connection, both in terms of average value and variability ([Fig. 5](#fig0025){ref-type="fig"}). Interestingly, this pattern was stronger for the degraded side arm system (filled circles). In the restored side arm system (open circles), the percentage of organic carbon remained low regardless the average duration of connection. The high variability in percentage of organic carbon ([Fig. 5](#fig0025){ref-type="fig"}A) at sites with short duration of connection in Lobau could be interpreted as stronger influence of local environmental conditions (e.g., the type and density of riparian and instream vegetation) at these backwater sites with prolonged periods of disconnection. The higher variability of organic matter quantity was associated with a higher variability of potential respiration (SIR), but not DEA, especially in mostly disconnected sites (less than 5 days of connection per year; [Fig. 5](#fig0025){ref-type="fig"}D). High rates (SIR only) and variability of SIR and DEA were significantly related to the duration of connection ([Fig. 5](#fig0025){ref-type="fig"}D and E). The differences in overall hydrology changed the sediment environmental conditions, which in turn could cause shifts in the microbial community composition ([@bib0110]). This study could not determine whether this high variability of response in long term disconnected sites was the result of a genetically different microbial community or simply a difference in density.

Altering the flow patterns entering the side arms not only changed the physical area (morphology) of the system, but also changed the delivery patterns of carbon and nutrients. The inherent hydrologic and morphologic heterogeneity of the two floodplains makes it difficult to use singular linear relationships to describe large-scale controls on potential microbial processing. The path analysis revealed that *Hydrology* factors directly affected SIR and nutrient content in sediments ([Fig. 7](#fig0035){ref-type="fig"}B). Yet, more importantly, the hydrology strongly influenced the side arm physical characteristics, which in turn, significantly controlled the available carbon and nutrient sources ([Fig. 7](#fig0035){ref-type="fig"}A and B). This demonstrated that flood regime was not the only variable which controlled biogeochemical processing; the overall morphology of the floodplain system was influencing these biogeochemical processes, too. This supported [@bib0040] who argued that hydrological and physical characteristics were a major controlling factor in N cycling in aquatic systems. By restoring surface water connections, the river can change the morphology of the floodplain which will further influence the local substrate availability for respiration and denitrification ([@bib0005]). Even though the path analysis did not point to a direct relationship between the available nutrient and carbon pools and DEA, there will be a change in the available substrates following restoration as suggested in the observed changes along the connectivity gradients presented ([Figs. 4--6](#fig0020 fig0025 fig0030){ref-type="fig"}). The absence of this link in the path diagrams is most likely due to the method of measurement used. DEA and SIR are just estimates of the potential activity and are measured under saturated conditions, thus separating the *in situ* nutrient conditions.

Due to the network of factors influencing each other, our results did not single out one main variable that drives the link between morphology and microbial processing. Using one single parameter to explain a biogeochemical reaction that is the result of several variables underestimates the complexity and heterogeneity of floodplains and the effects of restoration. The absence of a clear relationship between sediment characteristics and potential microbial activities on the one hand, and the water age before sampling on the other hand ([Figs. 6 and 7](#fig0030 fig0035){ref-type="fig"}A), supports the idea that it is the combination of the type of connection and morphological characteristics which are the main drivers of sediment quality and consequently, microbial processes. Modeling of potential respiration at the same site suggested that sites of high activity were found in areas of lower connectivity if connected during higher discharges and areas of high water depth ([@bib0350]). The results suggest that the local morphology coupled with the hydrologic regime at the landscape scale create the conditions necessary for microbial processing. Restoration of floodplains via surface water reconnection would return the necessary substrate inputs to the system. Frequent and constant riverine connections could increase denitrification efficiency, as suggested by the reduced N~2~:N~2~O ratios in the restored floodplain. Alteration of vegetation patterns (ex. appearance of floating vegetation in less connected areas; increased leaf litter in gouged channels) caused by changes in hydrology and morphology may also drive sediment quality changes and ultimately impact the conditions for microbial processing.

5. Conclusion {#sec0085}
=============

Large river floodplain restorations often imply reconnection of preexisting side arms to the main channel by partial removal of embankments or levees. Most of these reconnection schemes are aimed at enhancing biodiversity by creating a more dynamic hydrological regime in the floodplain. In this study we evaluated the importance of restoring the connection of side arms to their main river channel (i.e. increasing annual average duration of connection and decreasing water age) on sediment biogeochemical characteristics and their effects on potential microbial activities. The path diagram illustrated a hierarchical structure that suggested that the morphology of a specific site mediates the influence of the main source water (riverine inputs) for DEA and the carbon and nutrient conditions in the sediment. By re-establishing surface water connection of a site, the controls on sediment microbial respiration and denitrification were changed, eventually impacting potential microbial activities. Floodplain restoration would result in a series of morphological changes (ex. temperature, dissolved oxygen, and macrophyte distribution) resulting in an increase of substrate availability and ultimately more efficient N and C cycling, with an overall reduction of potential N~2~O emissions. Further quantification of these links between the type and duration of connection between side arms and main channel, including the hyporheic zone, measurable at large scale, and microbial processes, measurable at micro-scale, should allow quantifying the effects of floodplain restoration on nutrient cycling in the river systems.
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![Map of the Lobau (degraded) and Orth (restored) floodplains, located downstream from Vienna, Austria. Sampling sites are marked with stars and openings to the Danube River marked with arrows and their respective river km. Flow direction of the Danube River marked with dashed arrows.](gr1){#fig0005}

![Thirty year (1977--2007) hydrograph for the Danube River. Horizontal lines represent connection discharges for the different connection points (upper line annual flood 5300 m^3^s^−1^, mid line summer mean low flow 2230 m^3^s^−1^, lower line 1500 m^3^s^−1^).](gr2){#fig0010}

![Hydrograph of the Danube River from January 2006 to January 2008, encompassing the study period. Discharges are presented as hourly mean values. Horizontal lines represent connection discharges for the different connection points (upper line annual flood 5300 m^3^s^−1^, mid line summer mean low flow 2230 m^3^s^−1^, lower line connection threshold for Lobau floodplain 1500 m^3^s^−1^) (Data source: via donau and the Austrian Federal Ministry for Agriculture, Forestry, Environment and Water).](gr3){#fig0015}

![Comparison of average percentage of sediment organic carbon content (A), δ^13^C (B), δ^15^N (C), SIR (D), DEA (E) and ratio of potential N~2~O to N~2~ emission (F) between the degraded system (*n* = 65) and the restored system (*n* = 34) floodplain systems. Box lines indicate upper and lower quartiles. Whiskers extend to the 95th and 5th percentiles. Mann Whitney U values between the sites and their significance are noted on each figure.](gr4){#fig0020}

![Average percentage of sediment organic carbon content (A), δ^13^C (B), δ^15^N (C), SIR (D), DEA (E), and ratio of potential N~2~O to N~2~ emission (F) as a function of mean annual duration of connection with the main Danube River channel. Filled circles represent degraded sites (*n* = 65) while open circles represent restored sites (*n* = 34). The *r*^2^ and significance (*p*) for the linear function is noted on each figure.](gr5){#fig0025}

![Average percentage of sediment organic carbon content (A), δ^13^C (B), δ^15^N (C), SIR (D), DEA (E), and ratio of potential N~2~O to N~2~ emission (F) as a function of the water age in the study sites. Filled circles represent degraded sites (*n* = 65) while open circles represent restored sites (*n* = 34). The *r*^2^ and significance (*p*) for the linear function is noted on each figure.](gr6){#fig0030}

![Path diagram depicting relationships among meta-variables described by dissimilarity matrices. Path coefficients are computed from Mantel statistics. Data of both floodplains Lobau and Orth were used simultaneously with A) DEA and N~2~O:N~2~ + N~2~O or B) SIR as the output meta-variable. For significant path coefficients, line width is proportional to the magnitude of the presented path coefficient. *P* values are presented as ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.](gr7){#fig0035}

###### 

Measured average and standard deviation (in parenthesis) of hydrological and morphological characteristics, sediment carbon content and quality and sediment and water nitrogen and phosphorus pools for the degraded (Lobau) and restored (Orth) floodplains *N* = 135.

  Floodplain   *N*   Duration connection (days)   Duration disconnection^\*^ (days)   Depth (mm)    Temperature^\*^ (°C)   pH^\*^        Conductivity (μs cm^−1^)   Sediment D~50~^\*^ (mm)   DO^\*^ (mg l^−1^)   Leaf litter (rank)   Macrophytes^\*^ (rank)
  ------------ ----- ---------------------------- ----------------------------------- ------------- ---------------------- ------------- -------------------------- ------------------------- ------------------- -------------------- ------------------------
  Degraded     78    10.31 (10.34)                107.89 (211.71)                     1.52 (0.93)   15 (5)                 7.5 (0.49)    491 (65)                   0.32 (0.84)               7.62 (2.5)          3 (1.5)              3 (1.4)
  Restored     57    10.05 (5.32)                 58.02 (80.72)                       1.02 (0.70)   10.87 (4.32)           7.70 (0.34)   517 (130)                  0.30 (0.93)               10.05 (2.74)        3 (0.7)              1 (1.1)

  Floodplain   *N*   N--NO~3~^\*^ (mg kg dry sediment^−1^)   N--NO~3~^\*^ (μg L^−1^)   N--NO~2~ (mg kg dry sediment^−1^)   N--NO~2~^\*^ (μg L^−1^)   N--NH~4~^\*^ (mg kg dry sediment^−1^)   N--NH~4~^\*^ (μg L^−1^)   P~tot~ (mg kg dry sediment^−1^)   SRP (μg L^−1^)   SRP (mg kg dry sediment^−1^)   C:N^\*^
  ------------ ----- --------------------------------------- ------------------------- ----------------------------------- ------------------------- --------------------------------------- ------------------------- --------------------------------- ---------------- ------------------------------ ------------
  Degraded     78    4.8 (7.4)                               299 (287.1)               0.4 (0.7)                           3.7(2.8)                  208.2 (390.4)                           26.0 (15.2)               773.1 (1174.6)                    6 (8.0)          1.4 (2.0)                      10.4 (2.1)
  Restored     57    6.7 (4.5)                               766 (658.8)               0.2 (0.2)                           8.0 (7.6)                 41.3 (56.1)                             69.0 (114.1)              506.8 (285.8)                     5 (5.2)          0.7 (0.5)                      17.3 (6.6)

Significant differences (*p* \< 0.05) between the two floodplains are marked with an asterisk.

###### 

Meta-variable dissimilarity matrices and underlying variables (units in brackets). All matrices are Euclidean distance matrices calculated on standardized variables. DEA and $\text{DEA}_{\text{N}_{2}\text{O}}$: DEA were combined into a single output and SIR was calculated as a separate output.

  Physical                    Hydrology                          Nutrients                                                                                                                   Carbon                             Output                                          Output
  --------------------------- ---------------------------------- --------------------------------------------------------------------------------------------------------------------------- ---------------------------------- ----------------------------------------------- ----------------------------
  Mean depth water body (m)   Duration of connection (days)      N pools in sediment and water (N--NO~3~^−^, N--NH~4~^+^, N--NO~2~^−^) (mg kg dry sediment^−1^ and mg l^−1^, respectively)   Organic material in sediment (%)   DEA (mg N m^−2^ h^−1^)                          SIR (mg CO~2~ m^−2^ h^−1^)
  Water temperature (°C)      Duration of disconnection (days)   P pools in sediment and water (PO~4~^+^, P~tot~, SRP) (mg kg dry sediment^−1^ and mg l^−1^, respectively)                   δ^13^C in sediment                 Ratio $\text{DEA}_{\text{N}_{2}\text{O}}$:DEA   
  Conductivity (μS/m)         Connection (days year^−1^)         C:N in sediment                                                                                                             Present macrophytes (rank)                                                         
  Sediment size (D50) (mm)    Water age (days)                   δ^15^N in sediment                                                                                                          Litter coverage (rank)                                                             
  Dissolved oxygen (%)                                                                                                                                                                                                                                                          
  pH                                                                                                                                                                                                                                                                            

###### 

Associations between meta-variable dissimilarity matrices as expressed by Mantel statistics. As output variables either DEA and $\text{DEA}_{\text{N}_{2}\text{O}}$: DEA or SIR was used. Mantel (upper diagonal) and partial Mantel (lower diagonal) statistics (controlling for hydrology) presented, significant values printed bold, *P*-values not corrected for multiple testing.

                       Physical gradients              Nutrients                       Carbon                          DEA                             SIR
  -------------------- ------------------------------- ------------------------------- ------------------------------- ------------------------------- -------------------------------
  Hydrology            **0.503*****P*** \< **0.001**   **0.224*****P*** \< **0.001**   **0.141*****P*** \< **0.001**   **0.079*****P*** \< **0.05**    **0.187*****P*** \< **0.001**
  Physical gradients                                   **0.085*****P*** \< **0.001**   **0.217*****P*** \< **0.01**    **0.145*****P*** \< **0.001**   **0.219*****P*** \< **0.001**
  Nutrients            0.085 ***P*** = 0.05                                            **0.398*****P*** \< **0.001**   −0.054 *P* = 0.80               −0.066 *P* = 0.89
  Carbon               **0.170*****P*** \< **0.01**    **0.380*****P*** \< **0.001**                                   0.055 *P* = 0.13                −0.059 *P* = 0.91
  DEA                  **0.122*****P*** \< **0.01**    −0.07 *P* = 0.91                0.04 *P* = 0.19                                                 
  SIR                  **0.147*****P*** \< **0.01**    −0.114 *P* = 0.99               −0.088 *P* = 0.99                                               
